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Mass spectrometry (MS) was used in conjunction with electron paramagnetic resonance (EPR)
to characterize products arising from reactions between reduced glutathione (GSH) and
2-methyl 2-nitroso propane (MNP) in an oxidative medium, to evaluate the reactivity of this
tripeptide as a nucleophile toward a nitroso compound. Depending on the experimental
conditions, different radical species could be detected by EPR, which allowed some structural
assumptions. These samples were then submitted to electrospray ionization, in both positive
and negative ion modes, for structural elucidation in tandemmass spectrometry. Although the
primary nitroxide products could not be detected in MS, structurally related compounds such
as hydroxylamine and O-methyl hydroxylamine could be fully characterized. In the absence of
light, a S-adduct was formed via a Forrester-Hepburn reaction, that is, a nucleophile addition
of MNP onto the thiol function in reduced glutathione to yield a hydroxylamine intermediate,
further oxidized into nitroxide. In contrast, irradiating the reaction medium with visible light
could allow an inverted spin trapping reaction to take place, involving the oxidation of both
MNP and GSH before the nucleophilic addition of the sulfenic acid function onto the nitrogen
of MNP, yielding a so-called O-adduct. It was also found that dilution of the reaction medium
with methanol for the purpose of electrospray ionization could allow nitroxides to be
indirectly observed either as hydroxylamine or O-methyl hydroxylamine species. (J Am Soc
Mass Spectrom 2009, 20, 2013–2020) © 2009 American Society for Mass SpectrometryReduced glutathione (GSH), a natural tripeptidecontaining cysteine, glutamic acid, and glycine,presents a multitude of essential physiologic
properties such as redox-buffering of the cell environ-
ment, detoxification of xenobiotic, and antioxidant reg-
ulator, which would depend on the reactivity of the
cysteinyl thiol group [1]. GSH is known as a substrate in
both conjugation and reduction reactions catalyzed by
glutathione S-transferase enzymes [2, 3]. It can also be
involved in nonenzymatic conjugation reactions, yield-
ing potentially toxic by-products [4, 5]. In both types of
conjugation, reduced glutathione can add to a double
bond of aromatic compounds [6], to an epoxide group,
to an isocyanate carbon [7], or substitute a halogen atom
in alkyl- or aryl-halides [8]. Methods for the detection
and characterization of metabolites arising from reac-
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doi:10.1016/j.jasms.2009.07.018tions involving GSH were thus developed, in particular
using a mass spectrometric approach [9].
In tandem mass spectrometry (MS/MS), while the
nature of the species conjugated to glutathione was
shown to dramatically influence the gas-phase ion
fragmentation pathways, some similarities were also
demonstrated [9–12]. In particular, in the positive ion
mode, a main dissociation reaction consists of the
elimination of a 129 Da neutral corresponding to a
pyroglutamic acid molecule. As a result, detection of
glutathione conjugates is often performed using a 129
Da neutral loss MS/MS experiments [13–17]. Neverthe-
less, different classes of glutathione conjugates, such as
aliphatic thioether adducts ionized in the positive ion
mode, were shown to behave differently upon collision-
induced dissociation (CID) [18, 19]. An alternative ap-
proach was reported using the negative ion mode with a
characteristic MS/MS reaction, yielding the deprotonated
-glutamyl-dehydroalanyl-glycine at m/z 272, shown to
occur for any glutathione conjugates [19]. The usefulness
of this approach was demonstrated in a variety of GSH
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metabolites and this tripeptide [19].
All glutathione conjugates reported so far in the
literature were synthesized either by endogenous or
exogenous non radical processes. However, glutathione
presents other activities, in particular as a powerful
cellular antioxidant [20]. The thiyl radical generated by
H• exchange with reactive oxygen species (ROS) free
radicals could further be trapped with compounds such
as nitrones [21–23] or nitroso-compounds [23–25], and
characterized by electron paramagnetic resonance (EPR)
detection of the so-produced nitroxide. Moreover, the
GSH nucleophilic sulfur is also known to interact with
the electrophilic nitrogen of nitrosoarenes to yield
hemimercaptals [26–29]. However, these compounds
are unstable and readily produce sulfinic acid, amine,
N-hydroxyamine or arylamine, depending on both the
reaction conditions (pH, buffer concentration) and the
nature of other substituents on the aromatic ring.
We propose here to study the reactivity of reduced
glutathione as a nucleophile toward an alkyl nitroso
compound, namely 2-methyl 2-nitrosopropane (MNP),
and to scrutinize the mechanism of the observed reac-
tions by characterizing the products using EPR in
conjunction with mass spectrometry. Such an analytical
approach was previously demonstrated to be a very
efficient tool to identify, without preliminary chromato-
graphic separation, nitroxides or dismutation com-
pounds obtained after spin trapping reactions using
nitrones [30, 31].
Experimental
Chemicals
Reduced glutathione (98%) and ammonium acetate
(98%) were purchased from Sigma-Aldrich (Saint Louis,
MO, USA). 2-Methyl-2-nitrosopropane (MNP) dimer
(98%) was purchased from Acros, Thermo Fisher Scien-
tific, (Waltham, MA, USA) and H2O2 (30%) was from
VWR (Fontenay sous Bois, France). Methanol (SDS; Pey-
pin, France) and benzene (Sigma-Aldrich) were of the
highest grade of purity commercially available and used
as received. Deuterated methanol (CD3OD) was from
Eurisotop (Saint-Aubin, France). Poly(ethylene glycol)
with Mn 400 g.mol
–1 (Sigma-Aldrich) was used as an
internal standard for accurate mass measurements.
Electron Paramagnetic Resonance
EPR assays were carried out at room-temperature in
capillary tubes by using a computer-controlled EMX
spectrometer (Bruker BioSpin; Silberstreifen, Germany)
operating at X-band with 100 kHz modulation fre-
quency. The instrument settings were as follows: non-
saturating microwave power, 20 mW; modulation am-
plitude, 2 G; receiver gain, 1  106; time constant, 1.28
ms; scan time, 120 s; scan width, 100 G; 1 scan. Com-puter simulation of the EPR spectra were achieved
using the program elaborated by Duling [32].
Mass Spectrometry
High-resolution MS and MS/MS experiments were per-
formed with a QStar Elite mass spectrometer (Applied
Biosystems SCIEX, Concord, ON, Canada) equipped with
an electrospray ionization source. In the positive ion
mode, the capillary voltage was set at 5500 V and the cone
voltage at 80 V. For experiments performed in the nega-
tive ion mode, the capillary voltage was 4500 V and the
cone voltage was 70 V. In this hybrid instrument, ions
were measured using an orthogonal acceleration
time-of-flight (oa-TOF) mass analyzer. A quadrupole
was used for selection of precursor ions to be further
submitted to collision induced dissociation (CID) in
MS/MS experiments. In MS, accurate mass measure-
ments were performed using two reference ions from a
poly(ethylene glycol) internal standard, according to a
procedure described elsewhere [33]. The precursor ion
was used as the reference for accurate measurements of
product ion m/z ratio in MS/MS spectra. MS3 experi-
ments were performed with a 3200 Q-TRAP mass
spectrometer (Applied Biosystems SCIEX) equipped
with an electrospray ionization source operated in
positive mode. The capillary voltage was set at 5500 V
and the cone voltage at 80 V. Primary precursor ions
generated in the ion source were selected in the quad-
rupole analyzer and submitted to CID in a collision cell.
Secondary precursor ions produced during collisions
were selected and then fragmented in a linear ion trap.
In both instruments, air was used as the nebulizing gas
(10 psi) whereas nitrogen was used as the curtain gas
(20 psi) as well as the collision gas. Collision energy was
set according to the experiments. Instrument control,
data acquisition and data processing of all experiments
were achieved using Analyst software (QS 2.0 and 1.4.1
for the QqTOF and the QqTrap instruments, respec-
tively) provided by Applied Biosystems. Sample solu-
tions were introduced in the ionization source at a 5
L.min–1 flow rate using a syringe pump.
Nucleophile Addition
The nitroxide adduct 1a was produced in benzene by
mixing MNP (40 mM) and GSH (5 mM) for 20 min in
dark before adding H2O2 (0.3% vol/vol). The nitrox-
ide adduct 2a was produced in benzene by mixing
H2O2 (0.3% vol/vol), MNP (40 mmol) and GSH (5
mM). The system was then irradiated for 30 s using
visible light. For each experiment, 300 L of the
reaction medium was prepared and an aliquot (ca. 30
L) of the organic phase was analyzed by EPR
spectroscopy. MS samples were prepared by diluting
the reaction medium (1/10) in a methanolic solution
of ammonium acetate (3 mM).
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Electron Paramagnetic Resonance Analysis
Depending on the experimental conditions, the reaction
between 2-methyl 2-nitrosopropane (MNP) and reduced
glutathione (GSH) in oxidative medium could generate
two different radical species characterized by the EPR
signals shown in Figure S1 in Supplementary Material,
which can be found in the electronic version of this article.
The first paramagnetic compound 1a is formed by
mixing MNP and GSH for 20 min before adding H2O2
in dark condition. The triplet EPR signal is characteristic
of a nitroxide (aN  18.2 G, g  2.0067), the value of the
hyperfine coupling constant with nitrogen nucleus, aN,
indicating the presence of a sulfur atom directly bound
to the nitroxide nitrogen. Similar EPR parameters have
already been reported for spin adducts obtained after
trapping thiyl radicals by MNP [23–25]. It should be
noted that this signal was not observed before addition
of H2O2 whereas another three line EPR spectrum was
detected (with aN  15.5 G and g  2.0059) that could
be assigned to di-tert-butyl nitroxide (DTBN), a well-
known MNP thermo- or photo-degradation product
(Scheme 1). This DTBN EPR signal becomes negligible
as the concentration of 1a increases. Based on EPR data,
a structure could be proposed for the nitroxide 1a, as
shown in Scheme 1.
The second experimental set up consists of irradiat-
ing the sample containing all chemicals (MNP, GSH,
and H2O2) with visible light. An EPR signal consisting
of a large triplet due to a unique hyperfine coupling of
the unpaired electron with the nitrogen nucleus (aN 
27.2 G, g  2.0058) was thus observed in addition to the
previously described DTBN degradation product, as
shown in Figure S1. Such high aN values (27.2 G)
indicate a direct addition of a function with a strong
mesomere electrodonor effect on the nitroso nitrogen.
In particular, oxy-nitroxides generally exhibit EPR spec-
tra with an aN value in the 25–30 G range [34–37]. Note
also that these EPR parameters are not consistent with a
Scheme 1. Chemical structure of reagents and
produced after reactions between glutathione and Mnitroxide bearing a sulfoxide group, since such a RS(O)-
N(O•)-R compound would exhibit an aN value in the
12–13 G range [38]. From these results, this second
signal could be attributed to the radical species 2a,
which structure is shown in Scheme 1. However, it is worth
mentioning that the N-tert-butoxy-N-tert-butylnitroxide 3,
which shows almost identical EPR parameters in ben-
zene (aN  26.6 G, g  2.0058) would be formed in the
presence of H2O2 in benzene as a photo-degradation
byproduct of MNP. To check whether the nitroxide 2a
was actually formed under our experimental condi-
tions, we also recorded with a lower modulation am-
plitude (0.5 G) the EPR signal obtained after irradiating
for 30 s with visible white light a benzene solution
containing MNP (40 mM) and H2O2 (0.3%) in the
absence or in the presence of GSH (5 mM). In the
absence of GSH, the EPR signal observed consisted of
two triplets, corresponding to DTBN (aN  15.4 G, g 
2.0059) and to 3 (aN  27.0 G, g  2.0058). The EPR
spectra obtained in the presence of GSH showed broad
lines, which could suggest that both the alkoxynitroxide
3 and the sulfoxy-nitroxide 2a would contribute to the
signal, though the spectral resolution was not high
enough to allow a clear distinction between these two
species.
EPR detection analysis allows to make some assump-
tions about the detected species. In particular, the
thio-nitroxide 1a, called S-adduct in the following,
could be distinguished from the O-adduct 2a or from
the alkoxynitroxide 3. However, the structure of ob-
served radicals could not be more precisely defined by
this technique, which focuses on the detection of the
sole paramagnetic function. Moreover, it should also be
noted that EPR parameters of a given spin adduct may
vary significantly with the nitroxide environment, for
instance with the solvent polarity. Last, the presence of
2a in the medium was not clearly established on the
basis of EPR analysis. To gain detailed structural char-
acteristics, MS and MS/MS experiments were per-
formed on both reaction products.
posed structure for the glutathione conjugatespro
NP.
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The reaction medium in which the S-adduct 1a was
produced was first submitted to electrospray ionization
(ESI) after diluting the organic solution in methanol
containing 3 mM ammonium acetate. Although de-
tected by EPR, the nitroxide 1a could not be observed as
a protonated molecule, expected at m/z 394.2. It should
be noted that the use of nonprotic solvents did not
allow the expected nitroxide to be detected as an
ionized species. In the following, methanol was thus
selected as the preferential solvent for dilution before
mass analysis since it was shown to promote a better
ionization of other molecules of interest. In particular,
the positive mode ESI-MS spectrum shows a peak atm/z
395.1584 (C14H27N4O7S
, error: 2.8 ppm), which could
be assigned based on accurate mass measurement, to the
protonated hydroxylamine [1b  H] (Scheme 1). An-
other cation, detected at m/z 409.1736 (C15H29N4O7S
,
error:3.8 ppm), would result from the protonation of the
O-methyl hydroxylamine 1c (Scheme 1). The same species
could also be ionized in the negative mode and were
detected as deprotonated molecules, [1bH] and [1c
H], at m/z 393.1 and 407.2, respectively. Tandem mass
spectrometry experiments were then performed to vali-
date these structural assignments.
At low collision energy, CID of [1b  H] at m/z
395.2 gave rise to the formation of a main product ion at
m/z 322.1 as shown in Figure 1a. Accurate mass mea-
surement (m/z 322.0703, C10H16N3O7S
, error: 0.1
ppm) indicates this ion was formed after the elimina-
tion of a C4H11N neutral from the precursor ion. A
combined loss of a 2-methyl-1-propene molecule,
from the tert-butyl group, and ammonia would ac-
count for the formation of this m/z 322.1 product ion.
Increasing the collision energy leads to the production
of several additional product ions, most of which could
be accounted for by considering dissociation of the m/z
322.1 product ion, as supported by MS3 experiments
and accurate mass data. In particular, dehydration of
m/z 322.1 was observed to occur from a 30 eV collision
energy (laboratory frame). The MS/MS behavior of the
protonated hydroxylamine 1b greatly differs from frag-
mentation patterns described for several glutathione
conjugates, characterized in positive ion mode tandem
mass spectrometry by the loss of the 129 Da pyroglu-
tamic acid neutral [13–17]. This suggests that a nitroso
function on the thiol moiety would completely modify
dissociation of the ion in the gas-phase. However,
dissociation reactions observed for [1b  H] remain
poorly informative. In contrast, data obtained while
submitting the deprotonated 1bmolecule, [1b  H]–, to
CID (Figure 1b) allows the structure proposed for this
hydroxylamine to be validated, based on fragmentation
rules recently established for glutathione conjugates
ionized in the negative mode [19]. Since the dissociation
pathways of such deprotonated molecules have already
been thoroughly discussed by Dieckhaus et al. [19], they
will only be briefly described here. The intense m/z 272.1product ion in Figure 1bwould arise from the elimination of
a N-hydroxy-N-mercapto-tert-butylamine neutral from the
m/z 393.1 precursor ion. This result implies that the
reaction between MNP and glutathione has produced a
species which contains a covalent S-N bond. The so-
obtained deprotonated -glutamyl-dehydroalanyl-glycine
further dissociates to generate product ions at m/z 254.1,
210.1, 179.1, 143.1 and 128.1. The cleavage of the -Glu-
Cys amide bond in m/z 272.1 would produce m/z 143.1
or m/z 128.1, depending on which carboxylic acid func-
tion is deprotonated. Dehydration of m/z 272.1 would
produce m/z 254.1, which would further decarboxylate
to yield m/z 210.1 or eliminate a glycine residue via
hydrogen rearrangement to produce m/z 179.1. As pre-
viously reported by Dieckhaus et al. [19], it is shown
here that neither the cation nor the anion obtained after
electrospray of the same species follows some common
trends.
Following the same approach as for 1b, the m/z 409.2
ion assigned to the protonated methoxyamine (CH3)3C-
N(OCH3)-S-G (called O-methyl hydroxylamine in the
following) [1c  H] was submitted to CID and the
so-obtained MS/MS spectrum is presented in Figure 2.
It should first be noted that, in contrast to the hydrox-
ylamine 1b, dissociation of protonated 1c did not pro-
Figure 1. ESI-MS/MS spectrum of (a) [1b  H] at m/z 395.2
using a 10 eV collision energy and (b) [1b  H]– at m/z 393.1 using
a 25 eV collision energy (laboratory frame).ceed via the elimination of a 73 Da neutral. First, a
2017J Am Soc Mass Spectrom 2009, 20, 2013–2020 EPR-MS/MS STUDY OF GLUTATHIONE CONJUGATESmethanol molecule would be released after protonation
of the methoxy function to give rise to the product ion
at m/z 377.1514 (C14H25N4O6S
, error: 6.5 ppm). The
73 Da loss, corresponding to the elimination of a
C4H11N neutral, would then occur from thism/z 377.2 to
generate m/z 304.0599 (C10H14N3O6S
, error: 0.4
ppm). Alternatively, dissociation of m/z 377.2 could
produce a tert-butylaminethiol neutral and the high
abundance product ion at m/z 272.0862 (C10H14N3O6
,
error: 5.5 ppm). Further dissociation of this m/z 272.1
ions would give rise to m/z 254.0776 (C10H12N3O5
,
error: 2.1 ppm) after elimination of a water molecule
and to m/z 153.0671 (C7H9N2O2
, error:8.1 ppm) after
the release of H(CO)NHCH(OH)COOH. Finally, the
low abundance product ion detected at m/z 145.0615
(C5H9N2O3
, error:5.0 ppm) would correspond to the
dissociation of the precursor ion at m/z 409.2, consisting
of the cyclization of the glutamic acid part of the
glutathione conjugate. As previously indicated in the
case of 1b, more straightforward structural insights
could be obtained for 1c in negative mode analysis.
Indeed, all product ions typically expected to be formed
during CID of deprotonated glutathione-based thiol
adduct [19] were observed in the MS/MS spectrum of
[1c  H]– (i.e., m/z 272, 254, 210, 179, 143, and 128). In
addition, an intense peak observed at m/z 304.1, as well
as a lower abundance m/z 377.2 ion, would have,
respectively, been formed after the loss of tert-butyl
methoxylamine and methanone from the m/z 407.2
precursor ion.
The nitroxide 1a could be strongly stabilized via
homolytic association with a methyl radical, which
could be produced in the medium due to the decom-
position of the methoxynitroxide obtained after addi-
tion of methanol onto MNP. Alternatively, the same
O-methyl hydroxylamine 1c could have been formed
via a nucleophile substitution either on the hydroxyl-
amine nitrogen, methanol behaving here as the nucleo-
phile [39], or on the carbon of the protonated methanol,
attacked by the hydroxylamine oxygen atom. Produc-
Figure 2. ESI-MS/MS spectrum of [1c  H] at m/z 409.2 using
a 15 eV collision energy (laboratory frame).tion of 1c has probably occurred in the liquid phaseduring dilution of the reaction medium with methanol
rather than during the ESI process. Indeed, 1a is no longer
detected in EPR when methanol is used as the solvent of
the reaction medium. Hence, formation of such O-methyl
hydroxylamine appears as an efficient and simple deriva-
tization reaction, which allows the stabilization of hardly
detectable radical species such as 1a and thus their com-
plete MS/MS structural characterization.
Structural characterization of the O-adduct 2a (Scheme
1) was of particular interest since such a species has never
been reported, neither by spin trapping nor by nucleo-
phile reaction. Positive ion mode ESI-MS analysis of a
methanolic solution of the reaction medium did not show,
as in the case of 1a, the signal expected at m/z 410.2 for
[2a  H]. In contrast, a high abundance peak was
observed at m/z 411.1577 (C14H27N4O8S
, error: 8 ppm)
and assigned to the protonated hydroxylamine 2b
(Scheme 1). A signal was also detected in the negative ion
mode for [2b  H]– at m/z 409.1. CID of [2b  H] gives
rise to several product ions (Figure 3a) for which dissoci-
ation pathways could be proposed (Figure S2). In partic-
ular, the loss of a 129 Da neutral expected to occur from
protonated glutathione conjugates was observed to yield
m/z 282.1. Moreover, the peak at m/z 306.1 could be
Figure 3. ESI-MS/MS spectrum of (a) [2bH] at m/z 411.2 and
(b) [2b H]– at m/z 409.1, using a 20 eV collision energy (labora-
tory frame).
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function in glutathione is oxidized, arising from the re-
lease of N,N-dihydroxy-2-methylpropan-2-amine from
the precursor ion. Finally, a tert-butylhydroxylamine neu-
tral loss from m/z 411.2 would produce m/z 322.1. Again,
results obtained in negative ion mode more clearly sup-
port the structural assumption proposed for 2a based on
EPR data. First, the MS/MS spectrum of [2b  H]–
displays all product ions expected for such a deprotonated
glutathione conjugates (Figure 3b). More interestingly,
two main additional peaks are also observed at m/z 321.1
and m/z 304.1. As illustrated in Scheme 2, the m/z 304.1
product ion would correspond to a deprotonated mole-
cule in which the thiol function in glutathione is oxidized,
as a result of the release of a N-dihydroxy-2-methylpropan-
2-amine molecule from the m/z 409.1 precursor ion. The
nature of this eliminated neutral further validates the
existence of the N-OS bond in the glutathione conjugate
2b. A homolytic bond cleavage, which induces the loss of
a hydroxyl-tert-butylamino radical, has to be envisaged to
account for the formation of the m/z 321.1 product ion, in
which delocalization of the unpaired electron from the
oxygen to the sulfur atom would enhance this ion stabil-
ity, as indicated in Scheme 2. This m/z 321.1 product ion
further dissociates to a small extent via the release of a SO
neutral to yield the low abundance m/z 273.1 ion. Interest-
ingly, noMS signal related to a 2c species (that is,m/z 425.2
in the positive mode or m/z 423.2 in the negative mode)
could be observed in the ESI-MS spectrum obtained from
this sample. The absence of this O-methyl hydroxylamine
homologue of 2b could be explained, in the case of a
radical process, by a higher mesomere donor effect due to
an O-N bond in  position toward the nitroxide function
in 2a. Indeed, the limiting mesomeric form with the
unpaired electron on the nitrogen atom would be favored
over the one with the unpaired electron on the oxygen
atom, as indicated by the high hyperfine coupling con-
stant value (aN  27.2 G) measured in EPR. It could thus
be concluded that, in contrast to 1a, the nitroxide 2awould
be much less reactive toward carbon-centered radicals.
Although nitroxide species could not be directly
observed in mass spectrometry, detailed information
Scheme 2. Proposed dissociation pathways of
of m/z 321.1 and m/z 304.1 product ions.obtained from MS/MS analysis of related compounds
in both reaction media allows to validate structural
assumptions proposed for 1a and 2a based on EPR
results. The mechanism of reactions involved between
glutathione and MNP could thus be further studied.
Considerations on the Reaction Mechanisms
The formation of both nitroxides 1a and 2a could either
result from an inverted spin trapping reaction or a
Forrester-Hepburn reaction. The inverted spin trapping
process [40–42] first consists of the oxidation of the
nitroso compound to yield a radical cation, followed by
the addition of a nucleophile to form the final nitroxide
product. In contrast, the Forrester-Hepburn reaction
[43–46] starts with a nucleophile addition, generating a
hydroxylamine intermediate, which is further oxidized
into nitroxide. These two reactions could sometimes be
distinguished based on the species produced after slight
modifications of experimental conditions when allow-
ing reduced glutathione to react with MNP.
Indeed, when experiments were performed without
the use of H2O2 as an oxidant, 1a could not be detected
in EPR while 1b was observed in MS. Therefore, 1b is
not only a reduction product of 1a but also the inter-
mediate hydroxylamine leading to 1a (Scheme 3). This
result clearly shows that the reaction between the
peptide thiol and MNP occurs via a Forrester-Hepburn
reaction implying the formation of a hydroxylamine
intermediate further oxidized into nitroxide.
In contrast, the need for photoactivation of the me-
dium to generate 2a could suggest an inverted spin
trapping reaction where the spin trap is first excited and
further oxidized to produce a radical cation intermedi-
ate. Many examples have shown photolysis of nitrones
in the presence of an oxidative agent produced a nitrone
radical cation which could further react with nucleo-
philes [40, 41]. Here, the thiol moiety in reduced gluta-
thione would be oxidized to yield a sulfenic acid
function, which further adds onto the nitrogen of the
MNP (Scheme 3). Alternatively, the sulfenic acid could
be generated after a photo-oxidation of GSH by H2O2
H] at m/z 409.1 to account for the formation[2b 
2019J Am Soc Mass Spectrom 2009, 20, 2013–2020 EPR-MS/MS STUDY OF GLUTATHIONE CONJUGATESbefore reacting with MNP according to a Forrester-
Hepburn process. To dismiss one of the two hypothe-
ses, a benzene solution containing GSH (5 mM) and
H2O2 (0.3%) was irradiated with visible light for 5 min.
Then, MNP (40 mM) was added and the medium was
allowed to react for 20 min in darkness before being
submitted to both EPR and MS analysis. An EPR
analysis of the medium did not reveal the presence of
any paramagnetic species, even after increasing the
H2O2 concentration to 1.2%. In addition, neither the
nitroxide 2a nor any of the diamagnetic species 2b and
2c was detected by ESI-MS. These results suggest that a
photo-activation of MNP intervenes in the process and
invalidate a Forrester-Hepburn mechanism.
Conclusion
The use of electron paramagnetic resonance in conjunc-
tion with direct introduction electrospray-tandem mass
spectrometry was shown here to be a powerful tool in
the study of the reactions occurring between reduced
glutathione and 2-methyl 2-nitrosopropane. Structural
assumptions allowed by analysis of EPR signals ob-
tained for the so-formed nitroxides could be validated
based on accurate mass measurements and fragmenta-
tion pathways of ions produced from the corresponding
hydroxylamines, in particular the deprotonated mole-
cules generated in the negative ion mode. The reactivity
of reduced glutathione as a nucleophile toward the
studied nitroso compound was shown to highly depend
on experimental conditions, such as the presence of an
oxidant or the irradiation of the reaction medium with
visible light. Such an analytical approach would be
particularly valuable in biological studies devoted to
oxidative stress and antioxidants.
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